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Exclusive Processes at Colliders 
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A few examples of exclusive processes at high energy are discussed. Several mechanisms are presented, 
differential distributions are shown. The possibilities to measure the processes are discussed. 
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1. Introduction 

Up to now the investigations at high ener- 
gies were concentrated on inclusive processes, i.e. 
processes (measurements) when only one object 
of many produced simultaneously is recorded. 
Naively, these processes seem to be difficult but 
can be well described within the standard par- 
ton model. The exclusive processes seems naively 
easier, but in reality require detailed knowledge 
of the QCD dynamics, which is not required in 
the inclusive case. 

The exclusive production was studied in detail 
mostly close to the kinematical thresholds. The 
Tevatron opened a possibility to study the central 
(semi) exclusive production of mesons (elementary 
objects) at high energies. A similar program will 
be carried out in the future at the LHC. Here I 
review a few examples of exclusive production I 
have studied recently with my collaborators (for 
details see Refs. jll2l3|4|5»6f7.8 j). 

For exclusive production of a single object 
(Higgs or meson), the mechanism of the reaction 
depends on the quantum numbers of the object 
and/or its internal structure. For heavy scalar 
mesons (scalar quarkonia, scalar glueballs) the 
mechanism of the production, shown in Fig[l] is 
the same as for the diffractive Higgs boson pro- 
duction extensively discussed in recent years |10| . 
The dominant mechanism for the exclusive heavy 
vector meson production is quite different. Here 
the dominant processes are shown in Figl2l These 
processes were discussed by A. Cisek during this 
conference [5]. 

When going to lower energies the mechanism 




Figure 1. A sketch of the bare QCD mechanism 
of exclusive heavy scalar meson production. 



of the meson production becoming more compli- 
cated and the number of mechanisms increases. 
For example, in FigO I show the mechanism of 
the glueball candidate /o(1500) production which 
plays dominant role at low energies [6]. 

2. Different examples 

2.1. Exclusive production of Xc mesons 

The amplitude of the exclusive double diffrac- 
tive color singlet production pp PPXcJ can be 
written as [l0| : 
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Figure 2. Two basic QED ® QCD mechanisms of 
exclusive heavy vector meson production. 
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Figure 3. A sketch of the bare QCD mechanism 
of exclusive heavy scalar /o(1500) meson produc- 
tion. 



The amplitude is averaged over the color indices 
and over the two transverse polarizations of the 
incoming gluons [lOj . 

In calculating the vertex Vj'^'^^ we have in- 
cluded off-shellness of gluons [3]. The uninte- 
grated gluon distributions were taken from the 
literature. We have shown in Ref. 3 that for rel- 
atively light Xc(0), unlike for the Higgs boson [lO] . 
the dominant contributions come from the non- 
perturbative regions of rather small gluon trans- 
verse momenta. 

In Ref. [3] we have made a detailed presentation 
of differential distributions. Here I show only dis- 
tribution in rapidity of Xc(O^) (see Fig|4]). Al- 
though all UGDFs give a similar quality descrip- 
tion of the low- a; HERA data for the F2 struc- 
ture function, they give quite different rapidity 
distributions of Xc(0+). The UGDFs which take 
into account saturation effects (GBW, KL) give 
much lower cross section than the BFKL UGDF 
(dash-dotted hne). Therefore the process consid- 
ered here would help, at least in principle, to con- 
strain rather poorly known UGDFs. 

There is interesting theoretical aspect of the 
double diffractive production of the Xc (!"'') me- 
son. The coupling ggXci^^^) vanishes for on- 
shell gluons (so-called Landau- Yang theorem). 
According to the original Landau- Yang theorem 
[llj the symmetries under space rotation and in- 
version forbid the decay of the spin-1 particle into 
two (on-shcU) spin-1 particles (two photons, two 
gluons). The same is true for the fusion of two 
on- shell gluons. The symmetry arguments cannot 
be strictly applied for off-shell gluons. 

In Ref. [4] we have shown explicitly that the 
Landau- Yang theorem is violated by virtual ef- 
fects in diffractive production of Xc{^~^) leading 
to important consequences. In our approach the 
off-shell effects are treated explicitly. The mea- 
surement of the cross section can be therefore a 
good test of the off-shell effects and consequently 
UGDFs used in the calculation. 

In Fig. |4] I show distributions in rapidity y 
of Xc(l^) for different UGDFs from the litera- 
ture. The results for different UGDFs differ sig- 
nificantly. The biggest cross section is obtained 
with BFKL UGDF and the smallest cross section 
with GBW UGDF. The big spread of the resuhs 
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is due to quite different distributions of UGDFs 
in gluon transverse momenta. 
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Figure 4. Distribution in rapidity of Xc{0'^) meson 
(upper panel) and Xc(l^) meson (lower panel) for dif- 
ferent UGDFs. 



The cross section for the axial- vector Xc(l^) 
production is much smaller (about two orders of 
magnitude) than the cross section for the scalar 
Xc{0'^) production. This smallness can be un- 
derstood in the context of Landau- Yang theorem, 
which "causes" vanishing of the cross section for 
on-shell gluons. 

The Xc mesons are usually measured through 
the observation of the -f+J/'i? decay channel. The 
axial-vector Xc(l^) meson has a large branching 
fraction for radiative decay Xc(l^) ^ 7 + J/i^ 
(BR = 0.36 [12]). This is significantly bigger than 
for the scalar Xc{0~^) where it is only about 1 % 
[12] . Therefore the discussed off-shell efects are 
very important to understand the situation in the 
7 + J/^ channel observed experimentally. Full 
analysis requires inclusion of the Xc{'2'^) meson 
where the branching ratio is also relatively high. 

2.2. Exclusive production of the gluball 
candidate /o(1500) 
In Rcf. 6 we have discussed exclusive produc- 
tion of scalar /o(1500) in the following reactions: 

p + p^p + /o(1500)+p, (2) 
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While the first process could be measured at the 
J-PARC complex being completed recently or by 
the COMPASS collaboration, the latter two reac- 
tions could be measured by the PANDA Collabo- 
ration at the new complex FAIR planned in GSI 
Darmstadt. The combination of these processes 
could provide more information on the mecha- 
nism of /o(1500) production and hopefully some 
information on its nature. 

In Ref.0 we have proposed a new mechanism 
(see Fig|3]) which becomes dominant at lower en- 
ergies. In Fig|5]we show the integrated cross sec- 
tion for the exclusive /o(1500) elastic production 
VP ~* p/o(1500)p and for double-chargc-exchange 
reaction pp — » n/o(1500)n. The thick solid line 
represents the pion-pion component calculated 
with monopole vertex form factors with A = 0.8 
GeV (lower) and A = 1.2 GeV (upper). The 
difference between the lower and upper curves 
represents uncertainties on the pion-pion compo- 
nent. The pion-pion contribution grows quickly 
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from the threshold, takes maximum at W ~ 6-7 
GeV and then slowly drops with increasing en- 
ergy. The gluonic contribution calculated with 
unintegrated gluon distributions drops with de- 
creasing energy towards the kinematical thresh- 
old and seems to be about order of magnitude 
smaller than the pion-pion component at W = 10 
GeV. We show the result with Kharzeev-Levin 
UGDF (dashed line) which includes gluon satu- 
ration effects relevant for small-x, Khoze-Martin- 
Ryskin UGDF (dotted line) used for the exclu- 
sive production of the Higgs boson and the result 
with the "mixed prescription" (KL ® Gaussian) 
[6] for different values of the cto parameter: 0.5 
GeV (upper thin solid line), 1.0 GeV (lower thin 
solid line). In the latter case results strongly de- 
pend on the value of the smearing parameter. 
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Figure 5. The integrated cross section as a 
function of the center of mass energy for pp — > 
pp/o(1500) (upper panel) and pp — > nfi/o(1500) 
(lower panel) reactions. The thick solid lines 
are for pion-pion MEG contribution (A = 0.8, 
1.2 GeV), the dashed line is for QCD diffractive 
contribution obtained with the Kharzeev-Levin 
UGDF, the dotted line for the KMR approach 
and the thin solid lines (blue on-line) are for 
"mixed" UGDF (KL (g) Gaussian) with ctq = 0.5, 
1 GeV. The dash-dotted Une represents the two- 
gluon impact factor result [6]. 



2.3. Exclusive production of the tt+tt" 
pairs 

Up to now I have discussed only exclusive pro- 
duction of a single meson. Also the channels with 
meson pairs seem interesting. In particular, the 
channel with two charged pions which seems fea- 
sible experimentally. 

The underlying mechanism was proposed long 
ago in Ref.[T3]. The general situation is sketched 
in Figini The corresponding amplitude for the 
pp ppn^'K^ process (with four-momenta Pa + 
Pb ~> Pi + J52 + P3 + Pi) can be written as 



^ Mi3{si3,ti) F{ta) 
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■ F{ta) M24(s24,i2) 
F{h) M23(si3,t2) , 



where Mik denotes "interaction" between nucleon 
i=l (forward nucleon) or i=2 (backward nucleon) 
and one of the two pions fc = tt"*" (3), 7r~ (4). In 
the Regge phenomenology they can be written as 
a sums of two components: 

M,fc(s,fc,ti/2) = Mg{s,k,h/2)+Mg{s^k,h/2) -(5) 

The first terms describe the subleading reggeon 
exchanges while the second terms describe ex- 
change of the leading (pomeron) trajectory. The 
strength parameters of the -kN interaction are 
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Figure 6. A sketch of the dominant mechanisms 
of exclusive production of the tt^tt" pairs at high 
energies. 



taken from Ref. '14]. We choose post represen- 
tation of the phenomenological exchange inter- 
action, i.e. interaction for energy in the corre- 
sponding final state subsystem. Above Sik = Wfj^ , 
where Wik is the center-of-mass energy in the (i,k) 
subsystem. More details of the calculation will be 
presented elsewhere [7] . The 2^4 amplitude (O 
is used to calculate the corresponding cross sec- 
tion including limitations of the four-body phase- 
space. 




Figure 7. Rapidity distribution of tx^ versus tt for 
W = 14 TeV. 



Here I show only one example of the two- 
dimensional distribution in rapidity of positively 
charged pion and rapidity of negatively charged 
pion at the LHC energy of = 14 TeV. The 
distribution differs considerably from the uniform 
population of the phase space. One can see a 
two-dimensional shape of the ridge form elon- 
gated along the line 2/3 = 2/4. The minimum of 
the cross section on the top of the ridge occurs 
when 2/3=2/4 = and two maxima close to 
the phase space ends. The minimum occurs in 
the part of the phase space where the pomeron- 
pomeron contribution dominates, i.e. when both 
Wifc are comparable and large. The maxima are 
related to the dominance of the pomeron-reggeon 
and reggeon-pomeron mechanisms, i.e. where one 
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of Wik is small and the second one is large. The 
reggeon-reggeon contribution is completely neg- 
ligible which is due to the fact that both Wik 
cannot be small simultaneously. The ALICE col- 
laboration at the LHC should be able to measure 
such distributions. 

2.4. Exclusive AA AAp° p° 

Exclusive production of elementary particles 
(lepton pairs, Higgs, etc.) or mesons (vector 
mesons, pair of pseudoscalar mesons, etc.) in ul- 
trarelativistic heavy-ion collisions is an interest- 
ing and quickly growing field [15116117] of the- 
oretical investigation. On experimental side the 
situation is slightly different. So far only single- p° 
exclusive cross section AA — > AAp^ was measured 




Figure 8. The reaction discussed in this paper. 



Let us consider the process AA — + AAp^ p'^ de- 
picted in FiglSl The cross section takes the fa- 
miliar form of a convolution of equivalent photon 
fluxes and 77-cross sections. Often flux factors 
of equivalent, almost on-shcU, photons are cal- 
culated as for point-like particles with rescaled 
charge e Ze, and the total cross section is calu- 
lated using a simple parton-model type formula: 



aujiauj2 cr (77 



UJ2 



(6) 



The formulae (O clearly does not take into ac- 
count absorption effects when initial nuclei un- 
dergo nuclear breakup. This can be done in 
the impact parameter space where the geome- 
try of the collision is explicit. Then rather two- 
dimensional flux factors 19J must be used. 

The simple EPA formula can be generalized to 

a {AA ^ A{p^p^)A) = (7) 



d'^biduJi(fib2duj2N{uJi, bi)N{uj2, ^'2) 
{\h-b2\-R12) <t(77^pV°) • (8) 



Here the extra 9 function excludes those cases 
when nuclear collisions, leading to nuclear disin- 
tegration, take place {R12 — Ri + R2)- The two- 
dimensional fluxes in ([5]) are calculated in terms 
of the charge form factor of nucleus f20| as: 



N{w,b) 



$(a;,6) 



(9) 



where the auxiliary function $ reads: 



$(x,6) = 



du v?' J\(u) 



i^^(-(x2+u2)/fe2) 



.(10) 



a [AA A(pV")^) 



The second ingredient of our approach is the 
77 p^ p^ cross section. Here the situation is 
not well established. The cross section for this 
process was measured up to W.^^ = 4 GeV [5T]. 
At low energy one observes a huge increase of the 
cross section. 

In Figl9]we have collected the world data (see 
[2T] and references therein). We use rather di- 
rectly experimental data in order to evaluate the 
cross section in nucleus-nucleus collisions. Fig[9] 
shows our fit to the world data. 

The cross section above W — 4 GeV was never 
measured in the past. It is well known that 
the cross section for 77 — s- hadrons can be well 
described in the VDM-Regge type model. We 
use a similar approach for the final state chan- 
nel In FiglHl I present the corresponding 
t-integrated cross section together with existing 
experimental data taken from |21j . The vanishing 
of the VDM-Regge cross section at W^^ = 2mp 
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Figure 9. The elementary cross section for the 77 — + 
p^p" reaction. We display the collection of the e"'"e~ 
experimental data [21] and our fit. We show also our 
predictions based on the VDM-Regge model decribed 
in [8]. For comparison we show also result when the 
form factor correcting for off-shell effect is ignored 
(see [8]). 



is due to tmin, tmax limitations. It is obvious 
from Figini that the VDM-Regge model cannot 
explain the huge close-to-threshold enhancement. 
In Fig[TO] we show distribution of the cross sec- 
tion for the nucleus-nucleus scattering in photon- 
photon center-of-mass energy for both low-energy 
component and high-energy VDM-Regge compo- 
nent. Below W — 2 GeV the low-energy compo- 
nent dominates. The situation reverses above W 
= 2 GeV. One could study the high-energy com- 
ponent by imposing an extra cut on Mpp. How- 
ever, the cross section drops quickly with increas- 
ing invariant mass of the pp pair. The point-like 
in this (and following) figure(s) means the cal- 
culation which excludes regions: bi < Rau and 
b2 < Rau- 

For illustration in Fig[Tl]I show the model dis- 
tribution in impact parameter b = |5i — 62|- Both 
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Figure 10. The Au + Au ^ Au + Au + p°p° cross 
section as a function of W-,~f = Mpp for the RHIC 
energy \/sjvjv ~ 200 GeV. The low- and high-energy 
components are shown separately. 



distributions for the low- and high-energy com- 
ponents are shown separately. I also show dis- 
tributions for "point-like" charge, monopole form 
factor and reahstic charge density (see [8]). One 
can see slightly different results for different ap- 
proaches how to calculate flux factors of equiva- 
lent photons. 

Finally in Fig ll2l I show distribution in rapid- 
ity of the p^p^ pair. Compared to the monopole 
form factor (usually used in the literature), the 
distribution obtained with realistic charge density 
is concentrated at midrapidities, and configura- 
tions when both p°'s are in very forward or both 



p s are in very backward directions are strongly 
damped. A similar effect can be expected for the 
AA — > AAp^p^ reaction and could be studied 
by the CMS and ALICE collaborations. 
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Figure 11. The Au + Au —^ Au + Au + p°p° cross 
section as a function of the impact parameter b for 
V^jvjv ~ 200 GeV. The meaning of the curves is the 
same as in Fig llOl The cut off for R12 « 14 fm is 
clearly visible. 




Figure 12. The Au + Au -* Au + Au + p°p° cross 
section as a function of the rapidity of the p^p^ pair 
Y for \/sjvjv ~ 200 GeV. The meaning of the curves 
is the same as in Fig llOl 
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